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It is estimated that infection with the intestinal protozoan parasite Entamoeba histolytica results in 50,000,000 cases of diarrhea worldwide (37) . Symptoms can range from watery diarrhea to frank dysentery with possible intestinal perforation (35) . Invasive amebiasis is characterized by disruption and invasion of the colonic mucosa by E. histolytica trophozoites, resulting in colonic ulceration (7, 25) . However, the colonic mucosa may also be normal or exhibit nonspecific changes in cases of amebic infection (7, 25) . The cytopathogenic effects of E. histolytica trophozoites on mammalian tissue culture cell monolayers appear to involve two distinct mechanisms. One is a contact-dependent process resulting in cytolysis evidenced by uptake of trypan blue or by release of chromium or indium (29) which has been attributed, at least in part, to a poreforming peptide, designated amoebapore (9, 15, 39) , to phospholipase activity (12, 32) , and to the 170-kDa galactosespecific adhesin (29) . The second mechanism of cytotoxicity involves the release of secreted factors which exhibit proteolytic activity (4, 14, 32, 33) that may result in detachment of cells without necessarily causing cell lysis.
To model the initial interactions of E. histolytica trophozoites with human intestinal epithelial cells, we used polarized Caco-2 cell monolayers which were grown on permeabilized filter supports. Under these conditions, the Caco-2 cells, which are derived from a moderately well-differentiated human colon adenocarcinoma, form polarized monolayers and well-defined brush borders and express a number of intestinal enzymes (27) .
The development of transepithelial electrical resistance of Caco-2 cell monolayers on filters indicates the presence of tight junctions (5, 6) . The Caco-2 cell line has been used extensively to model adherence and invasion of the intestinal epithelium by a number of bacterial pathogens (3, 8, 21, 22) . Recently, this cell line has also been used to model E. histolytica trophozoite adherence to intestinal epithelium (34) . In this study, we have combined electrophysiologic measurements with microscopy to characterize the initial interactions of this organism with polarized Caco-2 cell monolayers grown on permeable filters. For scanning electron microscopy, dehydration was initiated at 50 and 70% ethanol, the membrane was cut away from the support ring, and dehydration was continued in a series of graded alcohol baths. The sections were then subjected to critical-point drying in CO2 (Polaron E3000 criticaldrying apparatus). Dried samples were attached to specimen stubs with carbon-conductive tabs. The Caco-2 cells with amebas were coated with gold (Polaron E5000 sputter coater) before examination in a Hitachi S-450 scanning electron microscope at 20 kV.
MATERIALS AND METHODS

Chemicals
[3H]mannitol flux.
[3H]mannitol was added to the apical side of the Caco-2 cell monolayer coincubated with amebic trophozoites or with BI-S-33 medium alone. Cells were incubated for 60 min at 37°C, and the radioactivity on the basolateral side was measured and expressed as a percentage of the total radioactivity (apical well radioactivity plus basolateral well radioactivity plus cell radioactivity) as described previously (36).
5"Cr release. Caco-2 cells grown on six-well inserts were incubated with 140 p,Ci of 51Cr in 2 ml of DMEM with 20% serum in the basolateral well for 2 h. The monolayers were rinsed on the basolateral side four times and on the apical side two times with unlabeled DMEM with 20% serum. After incubation with amebas or control medium, under the conditions of the resistance assay, the media in the apical and basolateral walls were recovered separately. The Caco-2 cells on the filter were solubilized with 2% Triton X-100-2% azide. The radioactivity was measured in a gamma counter. Apical release was expressed as the percentage of radioactivity released into the media from the apical well compared with the total radioactivity recovered (apical well plus basolateral well plus cell radioactivity). The experiments were carried out with triplicate wells. Parallel resistance assays were conducted with unlabeled monolayers.
Amebic adherence to Caco-2 cells. Forty-eight-hour cultures of amebic trophozoites were labeled overnight with 100 ,iCi of [3H]thymidine, harvested, and washed as described previously (10) . Adhesion to Caco-2 cell monolayers grown in 24-well plates was measured at 4°C as described previously (10) . Alternatively, the labeled trophozoites were applied to the apical surface of Caco-2 monolayers grown in 24-well Transwell inserts 7 days postconfluency, incubated at 37°C for 30 min, and washed three times with serum-free BI-S-33 medium. The filters were solubilized in a scintillation vial containing 0.5 ml of 2% Triton X-100-2% azide, and 4 ml of liquid scintillation fluid was added. Triplicate wells were used for each assay.
Statistical analysis. The means of experimental groups were compared by using a paired t test. Differences were considered significant at the level of P of <0.05.
RESULTS
Efect of E. histolytica trophozoites on Caco-2 monolayer transepithelial resistance. The effect of E. histolytica HM1-IMSS trophozoites on transepithelial resistance across polarized monolayers of Caco-2 cells was measured with an epithelial voltohmeter with a chopstick electrode (see Materials and Methods). Transepithelial resistance of 7-and 14-day postconfluent Caco-2 cell monolayers, incubated at 37°C with 106 trophozoites placed in the apical well, dropped rapidly over 30 min from 600 to 900 fQ cm2 to 400 fQ cm2 and dropped further to 250 Q1* cm2 by 60 min (Fig. 1) . Because the 7-and 14-day monolayers exhibited similar electrophysiological responses to the trophozoites, 7-day monolayers were used routinely. No decrease in resistance was observed when Caco-2 cell monolayers were incubated with the Laredo strain of the nonpathogenic E. moshkovski species (data not shown).
The ameba-mediated resistance response was temperature dependent. When Caco-2 cells were incubated at 4°C, there was no drop in resistance (Fig. 1) . The transepithelial response was also dependent on the density of amebic trophozoites applied to the apical surface of the Caco-2 monolayers (Fig. 2) . Maximal response was observed at 105 trophozoites (or an ameba-to-Caco-2 ratio of 1 :20) . When the number of amebas was reduced by a third to 3 x 104 trophozoites, the resistance response was markedly reduced (Fig. 2) . When the transepithelial resistance response was measured across Caco-2 cell monolayers, by using a dual-voltage clamp, a decrease in the transepithelial resistance was measured after addition of trophozoites to the apical surface without a corre- mce response experiments to Caco-2 monolayers also microscopies (Fig. 6) , with a loss of brush border in the region ter the transmonolayer resistance (data not shown).
of contact between trophozoites and the monolayer (Fig. 5B ) logic correlates of the resistance response to coinsimilar to changes observed previously for MDCK cell monoith amebic trophozoites. Morphologic disruption of layers (18) . As described previously (34) , filopodia extending inolayers grown on permeabilized supports was not between the trophozoites and the Caco-2 cells were often seen (hen the monolayers were analyzed by phase-con- (Fig. SC) . Intercalation of amebas between Caco-2 cells was scopy and uptake of trypan blue (data not shown), not observed upon examination of sections of monolayers from oscopy (Fig. 4) , and transmission and scanning standard resistance experiments (Fig. 4) . icroscopies (Fig. 5) . There was ultrastructural eviEffect of amebas on 51Cr release from Caco-2 monolayers.
damage at the apical surface of the monolayer
We first attempted to assess monolayer cell damage after oth with scanning ( Fig. 5) and transmission electron contact with amebic trophozoites by measuring lactate dehydrogenase release from Caco-2 cells into the medium. However, we were unable to detect any release of lactate dehydrogenase into the medium in this assay. Therefore, to develop a more sensitive assay for ameba-mediated cytotoxicity, the Cr release assay was then adapted for the Caco-2 monolayers. Caco-2 cell monolayers were labeled by preincubation with medium containing 51Cr in the well bathing the basolateral well. 51Cr release into the well bathing the apical surface after 60 min of incubation in a standard resistance response exper-' ';;_ iment was 3.3% ± 0.6% (n = 6) in the control wells. The addition of amebas to the monolayer under the conditions of the resistance assay resulted in an increased release of 51Cr l \ \ _ into the well bathing the apical surface to 9.7% ± 3.2% (n = 6; P < 0.01). (29) . The effects of these substances on the transmonolayer resistance response were measured ( Table  1 ). The addition of neither 100 mM lactose nor 0.2 mM E-64, an active-site inhibitor of thiol proteases previously shown to inhibit E. histolytica cysteine proteinase activity (32) , inhibited the resistance drop in response to the addition of amebas. Inhibition of secreted amebic cysteine proteinase was confirmed by a gelatin substrate gel assay (33) . The thelial resistance across Caco-2 monolayers (16) and no significant effect on amebic adhesion to Caco-2 monolayers (115% ± 25% of control wells; n = 9).
Alterations in amebic adhesion with diferentiation of the Caco-2 cell monolayers. We have previously shown that the addition of lactose of N-acetyllactosamine (50 mM) significantly decreased E. histolytica trophozoite adhesion and cytolysis of Chinese hamster ovary (CHO) cells (10, 11) . When amebic adhesion to Caco-2 cell monolayers grown on plastic supports was measured at 4°C by using assay conditions previously described for CHO monolayers, 60% of the trophozoites applied to the monolayer adhered to undifferentiated Caco-2 cells at confluency (5 days postseeding), 42% adhered to 7-day postconfluent Caco-2 monolayers, and 25% adhered to 14-day postconfluent Caco-2 monolayers. The addition of 50 mM N-acetyllactosamine inhibited amebic adherence to undifferentiated Caco-2 cell monolayers by 30% but had no effect on amebic adherence to Caco-2 cell monolayers grown to 7 days postconfluency. Lactose (100 mM) failed to significantly inhibit amebic adhesion to differentiated Caco-2 cell monolayers (7 days postconfluency) when added under the conditions of the resistance response assay at 37°C.
DISCUSSION
Caco-2 monolayers grown on a permeabilized support were used as a model for characterizing the initial interactions of E.
histolytica trophozoites with the intestinal epithelium. The addition of amebic trophozoites to polarized Caco-2 cell monolayers resulted in a rapid drop in transepithelial resistance in a temperature-and dose-related manner. Decreases in transepithelial resistance may result from alterations in electrogenic ion transport as well as from an increase in nonselective epithelial permeability (24) . However, no changes in Isc were observed in conjunction with the decrease in transepithelial resistance. These findings along with the detection of increased mannitol flux indicate that the drop in transmonolayer resistance reflects a nonselective increase in epithelial permeability rather than stimulation of electrogenic ion transport.
McGowan et al. (19) reported a rapid transient increase in
Isc in stripped colonic mucosal preparations when amebic lysates were applied to the submucosal surface but not when they were applied to the lumenal surface. Neurohormones, such as serotonin, which stimulate intestinal secretion have been detected in amebic lysates (19) . Amebic trophozoites also stimulated the release of prostaglandins from colonic mucosal preparations, which may, in turn, stimulate intestinal secretion (20) . These results suggested that diarrhea secondary to E. histolytica trophozoite infection may have a secretory component. L6pez-Revilla et al. (13) , however, reported parallel decreases at a rate of 50%/h in the transepithelial potential difference and Isc but no change in the electrical resistance across stripped colonic mucosa after the addition of amebic lysates to the lumenal surface. Similar electrophysiological changes were induced by exposing full-thickness colonic strips to amebic lysates on the lumenal side (23); however, in these studies, decreases in the I,, and potential difference were also observed in control preparations. The reason for the differences in the electrophysiological changes induced by amebic lysates which were observed by these two research groups is not clear. Of note, these preparations include the lamina propria in addition to the epithelial cells. Some of the changes observed in these preparations may reflect interactions of amebic factors with components of the lamina propria rather than direct interactions with the epithelium. Two distinct mechanisms appear to play a role in E. histolytica cytopathogenicity directed against tissue culture cells: (i) a cell contact-mediated cytolytic mechanism and (ii) secreted factors (e.g., proteases) which result in cell detachment from the monolayer but not necessarily cell lysis. Our results indicate that the ameba-induced decrease in transepithelial resistance appears to involve mechanisms involved in cell contact- (34) grown on glass supports. The loss of brush border could reflect a more generalized disruption of the cytoskeleton, which could also affect junctional permeability. However, the detection of increased 5tCr release makes it difficult to determine whether the decrease in transmonolayer resistance was secondary to cell dropout undetected by morphologic studies or to increased junctional permeability.
The finding that the transmonolayer resistance response is inhibited by lowering the temperature and by the microfilament inhibitor cytochalasin D parallels previous observations made by Ravdin and coworkers on contact-dependent cytolysis of target cells by trophozoites (28, 29) . At the concentrations used, cytochalasin D did not appear to have a significant effect on the paracellular permeability of the monolayer (16) . Cytochalasin D also did not inhibit amebic adhesion to Caco-2 cells, suggesting that events occurring after the trophozoite contacts the monolayer are required to induce a decrease in the transepithelial resistance.
A number of saccharides, including galactose, n-acetylgalactosamine, lactose, and N-acetyllactosamine, have been shown to inhibit amebic adhesion to CHO cells and to HT-29 cells which are of intestinal derivation (1, 10, 30) and to inhibit ameba-mediated cytolysis of CHO cells (11, 29, 30) . The transmonolayer resistance response across differentiated Caco-2 monolayers was not inhibited by the addition of lactose at concentrations previously shown to inhibit ameba-mediated cytolysis of CHO cells (11) . Since the conditions of the transepithelial resistance assay are such that trophozoites are placed in direct contact with the epithelial cells, in contrast to previous studies with CHO cells where the trophozoites were not placed in direct contact with the target cells (11), adherence may play less of a role in target cell damage. We have also observed previously that at 37°C, mechanisms other than carbohydrate-mediated mechanisms appear to contribute to amebic adhesion (11) . Yoakim and Herscovics (38) have reported that the number of fucosylated polylactosamine units in Caco-2 cells decreases with differentiation. This could result potentially in the loss of receptors for the E. histolytica 170-kDa galactose-specific adhesin with differentiation (26), VOL. 62, 1994 on May 3, 2016 by guest http://iai.asm.org/ Downloaded from which would correlate with decreases in lactose-inhibitable amebic adhesion to Caco-2 cells. Of note, Ravdin and coworkers reported that inhibition of amebic adhesion to colonic mucosa by N-acetylgalactosamine required either prior fixation or trypsinization of the mucosa (31) . The role of the 170-kDa galactose-specific adhesin in mediating amebic adhesion and cytolysis of various intestinal cell lines may vary depending on the surface glycosylation.
These studies demonstrate that E. histolytica trophozoites rapidly increase transepithelial permeability prior to the earliest detection of morphologic disruption of the monolayer. This early increase in permeability may facilitate subsequent transport of amebic toxins and/or secretagogues across the epithelium prior to direct trophozoite invasion of the epithelium. Caco-2 cell monolayers grown on permeable supports provide a useful model for studying the early interactions of E. histolytica trophozoites with the intestinal epithelium.
